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In-stream wetlandAbstract This research was set in order to estimate aquatic plants evapotranspiration, (ET) in
Edﬁna drain, Nile Delta, Egypt, which had an in-stream treatment wetland that was taken as a case
study. A simple ﬁeld scale approach is presented to measure drain water evaporation and water con-
sumption of ﬁve aquatic plants, cultivated in ﬂoating tanks. Plants ET, (ETp) values were obtained
by measuring the daily quantity of water required to renovate the tank’s initial volume. Crop coef-
ﬁcients (Kc) were obtained and water loss from the drain wetland was calculated due to evaporation
and plants cells ETp. Results presented values of ETp and Kc which were controlled by plant leaf
area and growing stage. The major ETp was for Hyacinth followed by Cattail, Reeds, Torpedo
grass, and then duckweeds. All ETp values exceeded twice the adjacent non-vegetated water evap-
oration. The obtained Kc values referenced to the drain water evaporation were almost twice the Kc
values of FAO Penman–Monteith ET, due to the landscape effects, as hot dry air can cause extra
heat input and water loss. Total losses from in-stream treatment series of pond, 4 plants reaches and
open disinfection zone did not exceed 0.55% of drain discharge.
ª 2014 Hosting by Elsevier B.V. on behalf of National Institute of Oceanography and Fisheries.Introduction
Wetland evaporation, (E), and wetland transpiration, (T)
represent water losses from the water and soil and from the
emergent parts of the plants. For large wetlands both E and T
lumps up as evapotranspiration (ET) which is driven by solar
radiation however may be signiﬁcantly enlarged by heat trans-
fer from air for small wetlands (Kadlec and Wallace, 2009).
Measurements of wetland ET includes losses from its plants,evaporation from sealed lysimeters ﬁlled with either water or
aquatic plants surrounded with water, and ET from sealed lysi-
meters, which contain vegetation transplanted in soil, and
water. Reference crop ET obtained from weather station data
are used for mega wetland ET estimation using energy balance
procedures such as Penman–Monteith (Monteith, 1981) or
Priestley–Taylor (Priestley and Taylor, 1972).
Vegetation in free water surface, FWS wetlands retard evap-
oration due to its canopy, surface water humidity, and slow sur-
face wind speed. Mega wetlands ET and lake evaporation are
nearly equal assuming the same behavior of their aquatic plants
of any type. Bernatowicz et al. (1976) found relatively minor
variances among few reed and Typha species. Abtew (1996)
118 A.A. Rashedfound that in 3 vegetated lysimeters in marshes cultivated with
Typha, a mixture of emergent plants; and submerged aquatics,
the annual average water losses were 3.6, 3.5, and 3.7 mm d1,
respectively. DeBusk et al. (1983) showed that open water and
Lemna planted wetlands had comparable water loss (4.5 and
4.1 mm d1, respectively), but hyacinth planted wetlands had
more losses (7.5 mm d1). Koerselman and Beltman found no
ETdifferences between small wetland area (less than one hectare
and a big area wetland, (Koerselman and Beltman, 1988). For
small area wetlands, ET estimation using energy balance proce-
dures are no longer adequate due to importance of air tempera-
ture in the energy balance. These wetlands are subjected to the
landscape effects, in which humidity can magnify water loss,
as well as the loss due to radiation (Kadlec and Wallace, 2009).
Leaf area index (LAI), inﬂuences the wetland ET as air
moves through its vegetation. Emergent plants with LAI will
capture more dry wind, and show bigger Kc. Wetland widths
of 50–100 m are optimum for reducing the received tempera-
ture excess and humidity reduction (Brix, 2006). Values of
the LAI range from less than 1.0 m2/m2 in narrower wetlands,
to over 5.0 m2/m2 in densely vegetated systems (Koch and
Rawlick, 1993). Snyder and Boyd (1987) estimated LAI for
Typha in fertile and less fertile water by 6.5 and 3.5 respec-
tively. LAI of Scirpus leaves were estimated as 5.3–6.5, and
Typha as 4.1–5.5 at the Sacramento, California wetlands,
(Nolte and Associates, 1998). The crop coefﬁcient Kc is the
ratio of wetland ET and the potential ETo. Values of Kc
greater than 1.0 mean that the wetland water losses are greater
than predicted from energy balance radiation procedure. Typ-
ically, additional ET losses are the greatest for microcosm sys-
tems (less than 1 m2) where Kc values were found to be 5.4 and
7.3 for Typha, and Reeds respectively. In wetlands with
lagoon/pond pretreatment, water reaches wetland inlet at
nearly its water temperature (Kadlec and Wallace, 2009).
Emergent vegetation especially submerged types retard radia-
tion, and thus prevent heating of the water surface (Chimney
et al., 2006).
High aquatic plant densities cause many problems in
Egyptian canals and drains by creating losses of water,
obstacle of ﬂow, interference with navigation, health risks
and alteration in the features of both water and wetlands.
However, these plants were used recently to treat waterways
from municipal and agricultural pollutants by moving such
water through in-stream dense vegetated cells to mechani-
cally, biologically and chemically treat such contamination
(Rashed and Abdel Rasheed, 2008). Regular plants stem
cutting above the water surface was practiced on April,
August and November to enhance plants role in water treat-
ment through drain. The initial stem length was adopted to
be 0.05 m above the drain water surface and the pre-cut
plants stem height ranges from 1 to 1.2 m above the water
surface. In-stream treatment is a promising low cost (no
space) wastewater treatment alternative that can protect
watercourses and lakes from pollution (Rashed, 2012). In
Egypt, the ﬁrst in-stream wetland system was initially built
in 2005 at Al Bahow drain, East of Nile Delta where
300 m3d1of raw municipal wastewater were treated through
the drain pathway. A primary treatment sedimentation
pond, followed by a train of Reeds and Hyacinth reaches
as secondary treatment stage and plants free open water
reach formed the treatment system (Rashed and Abdel
Rasheed, 2008). The second in-stream wetland was builtinside the Edﬁna drain West of Nile Delta by a 200-m long
sedimentation pond, followed by 4 * 200-m Reeds/Hyacinth
cells, and a 1000-m open water reach to treat municipal
point source wastewater (Rashed, 2012).
The speciﬁc objectives of this study include: (1) to introduce
a practical procedure of measuring aquatic plants water con-
sumption during its use in drainage water treatment, (2) to
quantify and compare the monthly ET rates of 5 different
aquatic macrophytes naturally existed in canals and drains
and recently used for in-stream polluted water treatment; (3)
to obtain crop coefﬁcients of such plants from both reference
ET and the adjacent water evaporation; and (4) to estimate
water loss from the Edﬁna drain in-stream wetland compo-
nents due to evaporation and ET.Methodology
Study area and experimental setup
Edﬁna drain is a secondary order agriculture drain located in
west of the Nile River Delta (31 170 45.1400 North and 30
300 18.9200 East), 35 km southeast of Alexandria City. The
drain is serving 210 ha of croplands and receiving 300 m3d1
row sewage of 3000 capital living at scattered houses at the
drain entrance. The drain length, bed width and water depth
are 2000, 1, and one m respectively. Drain discharge ranges
from 330 to 4500 m3d1 that is draining into a good quality
main drain that can be reused in irrigation unless receiving
sewage loads from the Edﬁna drain. The drain water level is
lower than the surrounding agriculture area by more than
one m and its water surface is 1.25-m underneath drain banks.
The drain was modiﬁed (engineered) to have an in-stream
treatment wetland cell through the path. The ﬁrst 200-m of
the drain was adapted through widening and deepening to
act as a primary treatment stage of the sedimentation pond,
2-m width, and 1.5-m water depth. The followed 800-m was
modiﬁed to act as 3 surface Reed cells and 1 water Hyacinth
cell (200-m long, 2.25-m wide, and 0.5-m depth each). Reed
and water Hyacinth were transplanted in the cells to act as a
secondary treatment stage. The rest 1000-m of the drain length
toward its outlet was kept free of plants as open water reach
for aeration and disinfection as advanced treatment stage
(2.25-m top width and 0.75-m depth) (Rashed, 2012).
Twelve plastic micro tanks (0.40*0.40*0.40 m each) were
placed ﬂoating above drain water surface. Six tanks in two
rows were tied in series by metal chains at the drain sides
(Fig. 1). Each tank bottom had 0.10-m layer of drain bed
soil and ﬁlled with drain water up to its edges. Five aquatic
plants; Reeds (Phragmites L.), Cattail (Typha latifolia L.),
Torpedo grass (Panicum repens L.), Hyacinth (Eichhornia
crassipes L.), and duckweeds (Lemna L.) and blank open
water were placed in order in one drain side and in oppo-
site order on the other side. Both the 3 emergent plants
and the 2 ﬂoating macrophytes naturally existed in the
drain area. The tanks were placed in a plant free reach
adjacent to the Reed cells of the drain in-stream treatment
wetland to mimic the boundary conditions of such treat-
ment cells.
Full-grown plants obtained from the drain area were trans-
planted similar to its original environment of soil and water
quality, plant density and composition. Sixteen stems of reeds,
Figure 1 Plan and side view of the 2 sequenced macrophytes tanks in the Edﬁna Drain.
Assessment of aquatic plants evapotranspiration 119Cattail and Torpedo grass were transplanted in their tanks, 4
full hyacinth plants were placed in both 2 tanks while one layer
of duckweed mat was placed ﬂoating in the other 2 tanks. On
the drain right hand side, the sequence of plants were consid-
ered as placement tall stem plants in the upstream (Reeds)
followed by the shorter plants and ended with the duckweeds
followed by no plant tank as a treatment procedure. On the left
hand side, plants were placed in a reverse order to represent
another plant series of treatment starting with water tank fol-
lowed by duckweeds and ending with Reed tank (Fig. 1). The
experiment started on April 2008 and lasted up to August
2009. The 12 tanks were ﬁlled using drain water at 8 o’clock
every morning up to tank edges using a 100 ml lab glass pot
to supply each plant with the daily water consumption of the
previous day. Equivalent daily water consumption for each
tank is calculated by dividing the daily-added water in m3 by
the tank surface area (0.16 m2) and transforms the results into
mm d1. Reeds, Cattail and Torpedo grass stem cutting was
practiced simultaneously as in the adjacent in-stream wetland
in order to keep plants green and dynamic in pollutant biodeg-
radation. Water Hyacinth and duckweed counts were reduced
to the similar plant density of the drain at the same Reed cut-
ting time. The daily water consumption of each plant ETp was
considered as its daily ET in mm d1. Plants above water
height and upper plants leaf surface area were measured
biweekly to estimate Leaf Area Index, LAI in m2/m2. Duck-
weeds were excluded from LAI measurement. Statistical anal-
ysis was carried out applying IBM SPSS statistics version
20.0.0. Normality, parametric and non-parametric tests were
applied on the daily plants ETp to examine the hypothesis that
there is no ETp difference between the two sequences of each
pair of plant species on the drain sides. A class A pan was
placed in one hectare of a clipped alfalfa farm on the drain
bank at which simultaneous daily evaporation rates were
recorded.
Reference crop evapotranspiration
Alexandria Met One Instruments weather station (31 120
04.1400 N and 29 550 13.9200 E) data of 2008 and 2009 were
used for ETo estimation. Daily ETo was computed using an
MS Excel spreadsheet applying the FAO Penman–Monteith
method (Allen et al., 1998) as follows:ETo ¼
½0:408DðRn GÞ þ c 900
Tþ273U2ðea  edÞ
½Dþ cð1þ 0:34U2Þ ð1Þ
where: Rn = net radiation in MJm2d1, G= soil heat ﬂux in
MJ m2d1, c= the psychrometer constant in kPaC1,
T=mean daily air temperature in C, U2 = the mean wind
speed measured at 2 m in ms1, (ea  ed), = the vapor pressure
deﬁcit in kPa, and D= the slope of the saturation vapor pres-
sure curve in kPaC1.
Crop coefﬁcient, Kc
Estimating average monthly macrophyte crop coefﬁcient, Kc is
obtained applying both the weather-based method of FAO
Penman–Monteith equation and the plants adjacent blank
water tanks located adjacent to plants in same climate and
water quality conditions. The estimated weather-based
monthly macrophytes Kc is obtained from its daily water con-
sumption (mm d1) referenced to ETo. First, Kc is calculated
as follows:
Kc ¼ ETp=ETo ð2Þ
The second approach to estimate site and wastewater spe-
ciﬁc Kc is by dividing the average monthly ETp by the corre-
sponding average monthly water losses from blank tank,
ETb as:
Kc ¼ ETp=ETb ð3ÞEstimating drain water loss due to in-stream treatment
An estimation of water loss from the drain in-stream treatment
cells will be calculated. For each treatment reach, evaporation
and evapotranspiration will be estimated depending on the
annual average of daily measured water consumption in the
blank and planted tanks. Evaporation from sedimentation
and ﬁnal treatment zones as well as evapotranspiration from
Reed and Hyacinth cells is forming drain water loss. The vol-
ume of water loss will be compared with the drain water
capacity.
Reach water loss¼ðreachETp  reach surface areaÞ 0:001 ð4Þ
Water loss% ¼ ðreach water loss=reach capacityÞ% ð5Þ
120 A.A. Rashedwhere reach water loss is in m3, reach surface area is in m2 and
ETp is in mm/d.
Results and discussions
Table 1 presents the average monthly metrological data during
April 2008–August 2009, the corresponding calculated FAO
Penman–Monteith, ETo Maximum ETo (7.20 mm d
1) was
recorded in August-08 and minimum ETo (3.45 mm d
1) was
recorded in January-09.
Aquatic plants water consumption, ETp
Figs. 2, and 3 present the 5 plants daily water consumption
ETp and the relative blank water tank during the period April
2008–August 2009 as well as the corresponding ETo and ETA.
The ﬁrst 5 months (April 08–August 08) could be considered
as plants transplanting and setup stage while the steady plant
stage could be considered during next 12 months (September
08–August 09) as new roots grow into the tanks soil.
Table 2 presents the monthly plants ETp of both right, (R)
and left, (L) plant sequences as well as the reference crop ETo
and the class A pan evaporation, ETA. The average, maximum
andminimum LAI values of the period Aug. 2008–Jul. 2009 are
also listed. The ETp increased from April 08 to August 08 and
gradually decreased up to the following March 09. As for emer-
gent plants, Cattail ETp was the major one of the 3 emergent
plants in September (R= 5.26 andL= 5.27 mm d1) followed
by Reeds (R= 4.88 and L= 5.00 mm d1) and Torpedo grass
(R= 4.55 and L= 4.52 mm d1). As for ﬂoating plants, Hya-
cinth ETp was the major one during September (R= 5.33 and
L= 5.33 mm d1) followed by Duckweeds (R= 4.42 and
L= 4.18 mm d1) since the leaf area of Hyacinth is several fold
that of the Duckweed’s.
Comparing the 5 species on the year average values (Sep.
2008–Aug. 2009), Hyacinth had the maximum ETp followed
by Torpedo grass, Cattail, Reeds, then Duckweeds and all
plants ETp were greater than the evaporation from blankTable 1 Average monthly weather station variables, ETo and ETA
Date AT (C) RH (%) U2 (m/s)
Apr-2008 20 68 4
May-2008 22 68 4
Jun-2008 26 70 4
Jul-2008 27 73 4
Aug-2008 28 75 3
Sep-2008 27 67 3
Oct-2008 23 68 4
Nov-2008 21 69 3
Dec-2008 17 70 3
Jan-2009 15 67 3
Feb-2009 15 67 4
Mar-2009 17 61 4
Apr-2009 19 74 4
May-2009 22 71 3
Jun-2009 27 71 2
Jul-2009 28 74 2
Aug-2009 28 74 2
Averagea 22 70 3
a Average of the period Sep. 2008–Aug; AT = air temperature; RH
radiation; BP = barometric pressure.tanks, ETb (R= 2.67 and L= 2.36 mm d
1) (Table 2). This
is compatible with the annual average leaf area index of such
plants. The average LAI values were (4.60–4–65), (3.04–
3.00), (2.73–2.70), and (2.46–2.48) for Hyacinth, Torpedo grass
Cattail and Reeds respectively. Minimum ETp was recorded in
March, where Hyacinth had the major ETp (R= 1.63 and
L= 1.60 mm d1) followed by Cattail (R= 1.37 and
L= 1.68 mm d1), Reeds (R= 1.40 and L= 1.40 mm d1),
Torpedo grass (R= 1.27 and L= 1.38 mm d1) then
Duckweeds (R= 1.10 and L= 1.09 mm d1). March ETp
records were smaller than both ETb (R= 2.47 and
L= 2.24 mm d1) and ETA (2.02 mm d
1) while they were
less than half March ETo (4.76 mm d
1). Generally, ETo and
ETA values were higher than ETp of all plants. Averages of
LAI of hyacinth and emergent plants showed that Hyacinth
had the maximum ETp followed by Torpedo grass,
Cattail, then Reeds. Emergent plants were regularly cut every
3–4 months and densities of ﬂoating plants were controlled for
optimum wastewater treatment, which may explain why ETp
values were relatively smaller than the ETo values.
Estimating aquatic plants crop coefﬁcients, Kc
Table 3 presents the monthly crop coefﬁcients, Kc of the 5
aquatic plants referenced to the adjacent drain blank water
evaporation applying Eq. (3). In the steady growing stage,
both right and left sequences had the same Kc trend with max-
imum Kc during Nov. 2008 and minimum Kc during Mar.
2009. In Nov. 2008, Cattail had the maximum Kc values fol-
lowed by Hyacinth, Torpedo grass, Reeds then Duckweeds.
In Mar. 09, Duckweeds had the minimum Kc followed by
Torpedo grass, Reeds, Cattail, and then Hyacinth. As an aver-
age of the plants steady stage, Cattail had the maximum Kc
values followed by Hyacinth, Torpedo grass, Reeds and
Duckweeds.
Table 4 presents the monthly crop coefﬁcients of the 5
aquatic plants referenced to ETo (Eq. (2)). In the setup
stage, Torpedo grass has the biggest Kc value during May 08.
SR (Wm2) BP (mbar) ETo, (mm d
1)
184 1014 4.66
199 1013 5.03
242 1010 6.16
303 1007 6.98
332 1007 7.20
281 1011 6.21
253 1016 5.80
215 1017 4.71
176 1018 3.78
186 1019 3.45
196 1015 4.07
241 1016 4.76
298 1013 5.03
332 1013 5.72
348 1010 6.53
339 1008 6.55
312 1009 5.95
261 1013 5.21
= relative humidity; U2 = wind speed at 2-m height; SR = solar
Figure 2 Daily ETp on drain left hand side (shorter followed by taller plants), ETo, and ETA.
Figure 3 Daily ETp on drain right hand side (taller followed by shorter plants), ETo, and ETA.
Table 2 Average monthly plants ETp comparing with ETo and ETA in mm d
1 and LAI.
Date Blank Duckweeds Hyacinth Torpedo grass Cattail Reeds ETo ETA
L R L R L R L R L R L R
Apr-08 2.00 2.20 3.72 3.70 4.06 3.91 4.68 4.97 3.36 2.92 3.25 3.71 4.66 2.16
May-08 2.35 2.59 4.38 4.35 4.77 4.61 5.36 5.23 3.96 3.44 3.83 4.37 5.03 3.38
Jun-08 2.57 2.83 4.48 4.30 4.63 4.53 5.73 5.02 4.40 3.66 3.95 4.31 6.16 3.53
Jul-08 2.82 3.11 4.55 4.47 5.26 5.34 5.93 5.35 4.83 4.70 4.27 4.49 6.98 4.36
Aug-08 3.00 3.30 4.16 4.45 5.21 5.25 4.26 4.27 5.52 5.51 5.11 5.11 7.20 5.83
Sep-08 2.38 2.62 4.18 4.42 5.33 5.33 4.52 4.55 5.27 5.26 5.00 4.88 6.21 6.04
Oct-08 2.64 2.90 4.10 4.26 4.90 4.91 4.82 4.67 5.25 5.29 4.50 4.51 5.80 5.39
Nov-08 2.15 2.15 3.91 4.02 4.71 4.74 4.61 4.41 5.03 4.98 4.30 4.39 4.71 5.12
Dec-08 2.21 2.23 2.12 1.86 2.99 2.84 2.57 2.80 3.19 3.34 2.23 2.59 3.78 4.06
Jan-09 2.04 2.25 1.30 1.13 1.80 1.82 1.59 1.80 1.90 2.18 1.33 1.61 3.45 4.27
Feb-09 1.99 2.18 1.24 1.17 1.63 1.65 1.44 1.56 1.77 1.41 1.36 1.55 4.07 2.71
Mar-09 2.24 2.47 1.09 1.10 1.60 1.63 1.38 1.27 1.68 1.37 1.40 1.40 4.76 2.02
Apr-09 1.92 2.11 1.98 1.96 2.52 2.58 2.40 2.39 2.63 2.45 2.31 2.33 5.03 2.16
May-09 2.37 2.60 2.71 2.70 3.24 3.25 3.20 3.18 3.26 3.24 3.08 3.08 5.72 3.38
Jun-09 2.58 2.83 2.91 2.89 3.54 3.66 3.55 3.58 3.64 3.72 3.40 3.46 6.53 3.53
Jul-09 2.83 3.12 3.01 2.99 3.87 3.90 3.97 3.88 4.05 3.96 3.79 3.80 6.55 4.42
Aug-09 2.99 3.29 3.42 3.46 4.73 4.81 4.71 4.71 4.99 4.97 4.60 4.61 5.95 5.85
Averagea 2.36 2.67 3.41 3.23 3.56 3.11 3.18 3.51 3.23 3.43 2.66 2.56 5.21 4.08
LAI avg. 4.60 4.65 3.04 3.00 2.73 2.70 2.46 2.48
LAI max. 6.80 6.76 7.70 7.26 6.60 6.24 6.10 6.15
LAI min. 1.60 1.75 0.35 0.32 0.30 0.28 0.25 0.27
a Average of Sep. 08–Aug. 09., L=Left, (shorter to taller plants), R=Right, (taller to shorter plants).
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Table 3 Monthly plants Kc referenced to open water evaporation, Kc = ETp/ETb.
Date Duckweeds Hyacinth Torpedo grass Cattail Reeds
L R L R L R L R L R
Apr-08 1.69 1.85 1.85 1.96 2.13 2.49 1.53 1.46 1.48 1.86
May-08 1.69 1.85 1.84 1.96 2.07 2.22 1.53 1.46 1.48 1.86
Jun-08 1.58 1.67 1.63 1.76 2.02 1.95 1.55 1.42 1.40 1.68
Jul-08 1.47 1.58 1.70 1.89 1.91 1.89 1.56 1.66 1.37 1.59
Aug-08 1.26 1.49 1.58 1.75 1.29 1.42 1.67 1.84 1.55 1.71
Sep-08 1.60 1.86 2.03 2.24 1.73 1.91 2.01 2.21 1.91 2.05
Oct-08 1.41 1.61 1.69 1.86 1.66 1.77 1.81 2.01 1.55 1.71
Nov-08 1.82 1.87 2.19 2.21 2.15 2.05 2.35 2.32 2.00 2.04
Dec-08 0.95 0.84 1.34 1.29 1.15 1.27 1.43 1.51 1.00 1.17
Jan-09 0.58 0.55 0.80 0.89 0.71 0.88 0.85 1.07 0.59 0.79
Feb-09 0.56 0.60 0.76 0.86 0.67 0.81 0.82 0.73 0.62 0.78
Mar-09 0.44 0.49 0.65 0.72 0.56 0.56 0.68 0.61 0.57 0.63
Apr-09 0.94 1.02 1.19 1.34 1.14 1.24 1.24 1.27 1.09 1.21
May-09 1.04 1.14 1.24 1.37 1.23 1.34 1.25 1.37 1.18 1.30
Jun-09 1.03 1.12 1.25 1.42 1.25 1.39 1.29 1.44 1.20 1.34
Jul-09 0.97 1.06 1.24 1.38 1.27 1.37 1.30 1.40 1.22 1.34
Aug-09 1.04 1.16 1.44 1.61 1.43 1.58 1.52 1.66 1.40 1.54
Averagea 1.03 1.11 1.32 1.43 1.25 1.35 1.38 1.47 1.19 1.33
a Average of the period Sep. 08–Aug. 09. L= shorter to taller plants, R= taller to shorter plants.
Table 4 Monthly plants Kc referenced to ETo, Kc = ETp/ETo.
Date Duckweeds Hyacinth Torpedo grass Cattail Reeds
L R L R L R L R L R
Apr-08 0.80 0.79 0.87 0.84 1.00 1.07 0.72 0.63 0.70 0.80
May-08 0.87 0.86 0.95 0.92 1.06 1.04 0.79 0.68 0.76 0.87
Jun-08 0.73 0.70 0.75 0.74 0.93 0.82 0.71 0.59 0.64 0.70
Jul-08 0.65 0.64 0.75 0.77 0.85 0.77 0.69 0.67 0.61 0.64
Aug-08 0.58 0.62 0.72 0.73 0.59 0.59 0.77 0.77 0.71 0.71
Sep-08 0.67 0.71 0.86 0.86 0.73 0.73 0.85 0.85 0.80 0.79
Oct-08 0.71 0.73 0.84 0.85 0.83 0.80 0.90 0.91 0.78 0.78
Nov-08 0.83 0.85 1.00 1.01 0.98 0.94 1.07 1.06 0.91 0.93
Dec-08 0.56 0.49 0.79 0.75 0.68 0.74 0.84 0.88 0.59 0.68
Jan-09 0.38 0.33 0.52 0.53 0.46 0.52 0.55 0.63 0.39 0.47
Feb-09 0.31 0.30 0.42 0.42 0.37 0.40 0.45 0.36 0.34 0.38
Mar-09 0.23 0.23 0.34 0.34 0.29 0.27 0.35 0.29 0.29 0.29
Apr-09 0.39 0.39 0.50 0.51 0.48 0.48 0.52 0.49 0.46 0.46
May-09 0.47 0.47 0.57 0.57 0.56 0.56 0.57 0.57 0.54 0.54
Jun-09 0.45 0.44 0.54 0.56 0.54 0.55 0.56 0.57 0.52 0.53
Jul-09 0.46 0.46 0.59 0.60 0.61 0.59 0.62 0.60 0.58 0.58
Aug-09 0.58 0.58 0.79 0.81 0.79 0.79 0.84 0.84 0.77 0.77
Averagea 0.50 0.50 0.65 0.65 0.61 0.61 0.68 0.67 0.58 0.60
a Average of Sep. 2008–Aug. 2009. L= shorter to taller plants, R= taller to shorter plants.
122 A.A. Rashed(Kc R= 1.04 and Kc L= 1.06) followed by Hyacinth (Kc
R= 0.92 and Kc L= 0.95), Duckweeds (Kc R= 0.86 and
Kc L= 0.87), Reeds (Kc R= 0.87 and Kc L= 0.76), then Cat-
tail (Kc R= 0.68 and Kc L= 0.79). In the staple growing
stage, both plants sequence has the same Kc trend where max-
imum and minimum Kc values existed in Nov. 08 and Mar. 09
respectively. In Nov. 08, Cattail had the maximum Kc values
followed by Hyacinth, Torpedo grass, Reeds then Duckweeds.
In Mar. 09, Duckweeds had the minimum Kc followed by Tor-
pedo grass, Reeds, Cattail, and then Hyacinth. Wetlands with
tall vegetation with a large leaf area (LAI) will intercept more
dry wind, and exhibit larger Kc. Comparing the two Kc calcu-
lation approaches, the Kc values obtained from the adjacentdrain blank water were almost twice the Kc values of FAO
Penman–Monteith ETo reference.
The Kc values are very small comparing with other litera-
ture Kc values such as (Kadlec and Wallace, 2009). (5.4 for
Cattail, and 7.3 for Reeds in microcosm system less than one
square meter). The reason is the regular plants stem cuttings
above the water surface on April, August and November to
enhance plant role in water treatment through a drain which
is not the case in other microcosms. The initial stem length is
about 0.05 m above the drain water surface and the pre-cut
plant stem height ranges from 1 to 1.2 m above the water sur-
face. Reeds Kc values were estimated previously in the Lake
Manzala surface wetland, East of the Nile Delta, Egypt
Table 5 Estimated losses from drain in-stream cells as% of drain discharge.
Treatment facility Length
(m)
Width
(m)
Depth
(m)
Surface area
(m2)
Discharge rate
(m3 d1)
Water ET
(mm d1)
Water loss
(m3d1)
Water loss ratio
(%)
Sedimentation Pond (open water) 200 2 1.50 400 450 2.36 0.94 0.21
Cell 1 Reeds 200 2.25 0.50 450 163 3.18 1.43 0.88
Cell 2 Reeds 200 2.25 0.50 450 163 3.18 1.43 0.88
Cell 3 Reeds 200 2.25 0.50 450 163 3.18 1.43 0.88
Cell 4 Hyacinth 200 2.5 0.50 500 175 3.48 1.74 0.99
Disinfection reach (open water) 1000 2.5 0.75 2500 1313 2.56 6.40 0.49
Total Edﬁna Drain 2000 4750 2425 13.38 0.55
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be 0.21, 0.72 and 1.05 during after cutting, middle height
and precutting stages, (Rashed and Murkin, 2006).
Effects of plants sequence on its ETp
Statistical tests were applied on the daily ETp records in the
two plant series (Fig. 1). Since all daily ETp data had failed
in the normality tests even after transformation of these data,
the independent-samples Mann Whitney nonparametric U test
was applied on each pair of plant species (on both right and
left drain sides). Tests conﬁrmed that no differences in the data
of all ﬁve plants except for Reeds. This means that ETp values
will not be affected by putting ﬂoating plants upstream or
downstream the taller emergent plants in the narrow drain in
the case of Duckweeds, Hyacinth, Cattail, and Torpedo grass.
Running the same test on the plants free tanks showed that the
hypothesis that there was similarity in the daily water evapora-
tion in the two series could be rejected. In other words, drain
open water evaporation will be affected by the existence of
plants treatment cells either upstream or downstream the open
water reaches.
Estimating drain losses due to evaporation and plants
evapotranspiration
Table 5 presents calculated water losses form the drain in-
stream treatment units including evaporation from sedimenta-
tion pond and disinfection reach and ET from the 3 Reed cells
and the Hyacinth cell. The relatively long treatment detention
time through the sedimentation pond and vegetated reaches
helped in stabilization of water temperature with which any
heating or cooling effects in open water reaches can be
ignored. The presence of vegetation promotes turbulence
induced by water ﬂow, but overturns mixing caused by wind
shear. Emergent vegetation canopies intercept a signiﬁcant
fraction of incident radiation, and thus prevent heating of
the top layer of water. In the sedimentation zone, evaporation
rate was 2.36 mm d1 equivalent to 0.94 m3d1 water loss
forming 0.21% of the zone capacity. Each of the 3 Reed cells
had lost 3.18 mm d1 equivalent to 1.43 m3 d1discharge
forming 0.88% of the cell capacity. Hyacinth cell had lost
3.48 mm d1equivalents to 1.43 m3 d1water loss forming
0.99% of the cell capacity. Water lost from the Hyacinth cell
was bigger than the Reeds cell of the same dimensions. Evap-
oration rate of disinfection reach was 2.56 mm d1 equivalents
to 6.40 m3 d1 water loss forming 0.49% of the reach capacity.
During Sep. 2008–Aug. 2009 the average daily water loss from
the Edﬁna drain water evaporation and aquatic plants ET wasestimated as 13.46 m3 d1 of the 2425 m3 d1 drain capacity
forming only 0.55% of the drain daily discharge.
Conclusion
As in-stream pollutants treatment via aquatic plants is a grow-
ing water course polishing practices in many countries, a sim-
ple practical approach is presented to measure and estimate
plants ET which helps in treatment water budget and evalua-
tion. The approach is to use ﬂoating vegetated small tanks in
the treatment reaches to estimate ETp and Kc. Hyacinth had
the maximum annual ETp followed by Torpedo grass, Cattail,
Reeds, then Duckweeds and all were greater than the evapora-
tion from blank tanks. Measured average leaf area index of
such plants agreed with these ETp comparisons. As emergent
plants were regularly cut every 3–4 months and densities of
ﬂoating plants were controlled for optimum wastewater treat-
ment, Kc values were relatively smaller than the literature full
grown plant Kc values. The Kc values obtained from the adja-
cent drain water evaporation were almost twice the Kc values
obtained from reference ETo and it is much real as it coped
with the site and wastewater speciﬁc features. For in-stream
water treatment through narrow and shallow 2000-m drain
length, evaporation and plants ET did not exceed 0.55% of
the average daily drain discharge. This is an accepted water
loss ratio in a small drain encouraging in-stream water treat-
ment through polluted drains. If the Kc approach and values
calculated for aquatic plants are validated in similar condi-
tions, the amount of water lost by a wetland can easily be cal-
culated and then taken into account in the design and
prediction of wetland performance. However, additional inves-
tigation should be conducted in different drain scales to assess
the inﬂuence of the drain size, water depth, and pollutant loads
on water loss by evapotranspiration in plants.
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